To better understand the ecology and epidemiology of the highly pathogenic avian infl uenza virus in its transcontinental spread, we sequenced and analyzed the complete genomes of 36 recent infl uenza A (H5N1) viruses collected from birds in Europe, northern Africa, and southeastern Asia. These sequences, among the fi rst complete genomes of infl uenza (H5N1) viruses outside Asia, clearly depict the lineages now infecting wild and domestic birds in Europe and Africa and show the relationships among these isolates and other strains affecting both birds and humans. The isolates fall into 3 distinct lineages, 1 of which contains all known non-Asian isolates. This new Euro-African lineage, which was the cause of several recent (2006) fatal human infections in Egypt and Iraq, has been introduced at least 3 times into the European-African region and has split into 3 distinct, independently evolving sublineages. One isolate provides evidence that 2 of these sublineages have recently reassorted.
Genome Analysis Linking Recent European and African Infl uenza (H5N1) Viruses
BioEdit (9) . An M13 sequence tag was added to the 5′ end of each primer to be used for sequencing. Four of the reactions were analyzed by electrophoresis on an agarose gel for quality control purposes. Primer design was optimized by analysis of the sequence success rate of each primer pair. Primers that did not perform well were redesigned and replaced in the primer set. Primers were designed to produce ≈500-nt overlapping amplicons to provide 2× coverage of each genomic segment. Additionally, a second set of primers was designed to produce 500-nt amplicons offset ≈250 nt from the original primer pair, which gave at least 4× sequence coverage of each segment.
cDNA Synthesis
Amplicons tiling the genome of the infl uenza isolates were generated with a OneStep RT-PCR kit (QIAGEN, Valencia, CA, USA). They were treated with shrimp alkaline phosphatase-exonuclease I (U.S. Biologicals, Swampscott, MA, USA) before sequencing.
Sequencing and Assembly
Sequencing reactions were performed as described previously (5) . After sequencing, each segment was downloaded, trimmed to remove amplicon primer-linker sequence as well as low-quality sequence, and assembled. A small genome assembler called Elvira, based on the opensource Minimus assembler (http://cbcb.umd.edu/software), has been developed to automate these tasks. The Elvira pipeline delivers exceptions, including failed reads, failed amplicons, insuffi cient coverage of a reference sequence (as obtained from GenBank), ambiguous consensus sequence calls, and low-coverage areas. Additional sequencing and targeted RT-PCR were conducted to close gaps and to increase coverage in low-coverage or ambiguous regions.
All sequence data used in this study are available from GenBank and also from ftp.cbcb.umd.edu/pub/data/fl u. GenBank accession numbers are available in the supplementary data (online Technical Appendix 1, available from www.cdc.gov/EID/content/13/5/713-app1.txt).
Phylogenetic Analysis
Multiple sequence alignments of nucleotide data were performed by using MUSCLE (8) with default parameters. Most alignments of segments within a subtype lack internal gaps. Leading and trailing gaps were not considered in tree-length calculations, but all nucleotide positions were considered.
The phylogenetic trees for Figures 1, 2A , and online Appendix Figures 1-3 (available from www.cdc.gov/EID/ content/13/5/713-appG1.htm, www.cdc.gov/EID/content/ 13/5/713-appG2.htm, and www.cdc.gov/EID/content/13/ 5/713-appG3.htm) were constructed by using the neighbor-joining method as implemented in PAUP* version 4.0b10 (10, 11) using the F84 distance between nucleotide sequences and the default parameters. The phylogeny of 71 complete genomes (avian isolates) and 3 hemagglutinin (HA) sequences (human isolates) in Figure 2B comprises isolates chosen because they formed the European-Middle Eastern-African (EMA) clades and the Russian and Chinese sister clades in a larger analysis of 759 infl uenza (H5N1) isolates from the locales and host range of all H5N1 sequences published since 1996. The fi gure includes every member of the EMA clade for which the complete genome sequence is currently available, except chicken/Nigeria/1047-62/2006 and chicken/ Kurgan/05/2005, which appear to be reassortants.
To fi nd optimal phylogenetic trees for Figure 2B , we used a combination of tree search algorithms available in the "new technology" heuristic strategies in the TNT (12) software package (available from www.zmuc.dk/public/ phylogeny/TNT). These strategies include a successive combination of hill-climbing techniques (branch swapping) followed by simulated annealing (ratcheting), divide-andconquer (sectorial searches), and genetic algorithms (tree fusion). Figure 2B depicts a strict consensus based on 286 minimal-length trees resulting from a parsimony search of 1,000 replicates in TNT under the command "xmult = lev5." Each component tree had a tree length of 1,613 steps. Gaps were treated as a fi fth state, and all edit costs were given equal weights under the parsimony criterion. The heuristic tree strategy was run until a stable strict consensus was achieved. This strict consensus is a conservative estimate of the phylogenetic relationship between the isolates, where an edge is included only if it was observed in all 286 optimal trees. Separately, RAxML (13) was run over the same data for maximum likelihood analyses under the general time-reversible (GTR) mixed model of nucleotide substitution. This likelihood analysis produced a tree with the same clade contents as the parsimony tree, preserving the 3 EMA clades. Branches were traced with colors to represent the locale of isolation of the virus.
Results and Discussion
The 36 new isolates reported here greatly expand the amount of whole-genome sequence data available from recent avian infl uenza (H5N1) isolates. Before our project, GenBank contained only 5 other complete genomes from Europe for the 2004-2006 period, and it contained no whole genomes from the Middle East or northern Africa. Our analysis showed several new fi ndings. First, all European, Middle Eastern, and African samples fall into a clade that is distinct from other contemporary Asian clades, all of which share common ancestry with the original 1997 Hong Kong strain. Phylogenetic trees built on each of the 8 segments show a consistent picture of 3 lineages, as illustrated by the HA tree shown in Figure 1 . Two of the clades contain exclusively Vietnamese isolates; the smaller of these, with 5 isolates, we label V1; the larger clade, with 9 isolates, is V2. The remaining 22 isolates all fall into a third, clearly distinct clade, labeled EMA, which comprises samples from Europe, the Middle East, and Africa. Trees for the other 7 segments display a similar topology, with clades V1, V2, and EMA clearly separated in each case. Analyses of all available complete infl uenza (H5N1) genomes and of 589 HA sequences placed the EMA clade as distinct from the major clades circulating in People's Republic of China, Indonesia, and Southeast Asia.
The infl uenza (H5N1) viruses isolated in Europe, the Middle East, and Africa show a close relationship, despite the fact that they were collected from a widely dispersed geographic region, including Côte d'Ivoire, Nigeria, Niger, Sudan, Egypt, Afghanistan, Iran, Slovenia, Croatia, and Italy. The shared lineage of the viruses suggests a single genetic source for introduction of infl uenza (H5N1) into western Europe and northern and western Africa; our analysis places this source most recently in either Russia or Qinghai Province in China ( Figure 2B ; online Appendix Table [available The evolutionary relationships shown in Figure 2B provide clear evidence that 3 distinct clades, labeled EMA 1-3, are circulating in the European and African region. These clades clearly share a common ancestor in Asia. The 3 clades may represent separate introductions or, alternatively, a single introduction from Asia into Russia, Europe, or another western site that has subsequently evolved into 3 lineages. More data will be required to pinpoint when and where the 3 clades split apart. All previously reported European and Middle Eastern isolates belong to EMA-1.
Our results show that EMA-2 has spread to Europe and that EMA-3 has spread to both Europe and the Middle East. These results agree in part with a recent study (16) that reported 3 distinct introductions of infl uenza (H5N1) into Nigeria. Our analysis, based on all available HA sequences (online Appendix Figure 3) , indicates that the Nigerian isolates fall into just 2 clades, EMA 1-2, that likely resulted from at least 2 introductions of infl uenza (H5N1).
European countries have been affected by each of the 3 introductions of the EMA strains. For example, the Italian sequences can be segregated into 2 subgroups ( Figure  2B Of the 22 EMA isolates newly sequenced in this study, 20 have the amino acid lysine (K) at position 627 of the polymerase basic protein 2 (PB2), while only 2 have glutamic acid (E). (These last 2 are both from Italy and both in EMA-1.) The 627K mutation is associated with virulence in mice and adaptation to mammalian hosts (17) and with increased host range (18) . Lysine at this position is common in human viruses: all 65 human infl uenza (H5N1) isolates from 2001 through 2006 for which the PB2 sequence is available have lysine at position 627. Before the analysis of our collection, the PB2 627K was a relatively rare fi nding in avian infl uenza (H5N1) viruses: it was present in only 42 of 385 isolates previously collected from 2001 through 2006. Our analysis shows that all 42 of these fall in the EMA clade (Figure 2 and supplementary data available in online Technical Appendix 2, available from www.cdc. gov/EID/content/13/5/713-app2.txt). Excluding our current European, Middle Eastern, and African isolates, this mutation appears primarily in isolates obtained from wild birds in Astrakhan (15) and at Qinghai Lake (14, 17) . This mutation also occurs in the recent isolate A/Guinea fowl/ Shantou/1341/2006 and in a mouse-adapted 2001 Asian isolate, A/pheasant/Hong Kong/Fy155/01-MB. This fi nd-ing is in keeping with current knowledge of the acquisition of such mutations.
Our study increases current knowledge on strains circulating in Asia before the westward spread of infl uenza A (H5N1). The Vietnamese samples fall into 2 clusters, the larger of which (V2 in Figure 1) Although EMA has split into 3 independently evolving clades, 1 isolate, A/chicken/Nigeria/1047-62/2006, shows clear evidence of reassortment. In this genome, 4 segments-HA, (nucleocapsid protein, nonstructural protein, and PB1-belong to EMA-1, as seen in Figure 1 and online Appendix Figure 1 . The other 4 segments-neuraminidase, matrix protein, PA, and PB2-belong to EMA-2 (online Appendix Figure 1 ). Individual segment trees based on all available sequences in GenBank corroborate this pattern and consistently split the 8 segments of this Nigerian isolate into 2 distinct clades. Reassortment events such as this can only be discovered by sequencing multiple virus segments.
The presence of all 3 EMA sublineages in the same geographic region creates ample opportunities for reassortment. Isolate A/chicken/Nigeria/1047-62/2006 is the most recent of the Nigerian isolates, consistent with the hypothesis that this reassortant was generated in Africa. Additional surveillance will be necessary to determine if this reassortant strain spreads further in the avian population and to assess its ability to infect mammals.
As shown in Figure 2A , the EMA clade is a distinct lineage evolving independently of the 3 exclusively Asian lineages. All 3 human infl uenza (H5N1) cases that have been sequenced outside east Asia-from Iraq (19), Djibouti, and Egypt-belong to the EMA lineage. The human sequences A/Djibouti/5691/NAMRU3/06 and A/Egypt/2782/ NAMRU3/06 group closely together and consistently fall in EMA-1. The placement of A/Iraq/207/NAMRU3/06 is slightly less certain; it also groups with EMA-1 ( Figure 2B ) but with lower bootstrap support. EMA viruses isolated from humans are thus quite distinct from the recent large clusters of human cases in Indonesia and China, which fall into separate clades containing none of our samples. The EMA isolates are also distinct from other human cases in Southeast Asia, which fall into the clades (V1 and V2) containing our Vietnamese samples.
The emergence of 3 (or more) substrains from the EMA clade represents multiple new opportunities for avian infl uenza (H5N1) to evolve into a human pandemic strain. In contrast to strains circulating in Southeast Asia, EMA viruses are derived from a progenitor that has the PB2 627K mutation. These viruses are expected to have enhanced replication characteristics in mammals, and indeed the spread of EMA has coincided with the rapid appearance of cases in mammals-including humans in Turkey, Egypt, Iraq, and Djibouti, and cats in Germany, Austria, and Iraq. Unfortunately, the EMA-type viruses appear to be as virulent as the exclusively Asian strains: of 34 human infections outside of Asia through mid-2006, 15 have been fatal (2) .
Analyses of the complete HA tree (Figure 2A and online Appendix Figure 3 (20) . Experiments on the 2 Korean isolates showed them to be infectious but not fatal in mice (21) .
These fi ndings show how whole-genome analysis of infl uenza (H5N1) viruses is instrumental to the better understanding of the evolution and epidemiology of this infection, which is now present in the 3 continents that contain most of the world's population. This and related analyses, facilitated by global initiatives on sharing infl uenza data (22, 23) , will help us understand the dynamics of infection between wild and domesticated bird populations, which in turn should promote the development of control and prevention strategies.
